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Twelfth International Specialty Conference on Cold-Formed Steel Structures
St. Louis, Missouri, U.S.A., October 18-19,1994

PERFORATED WEBS SUBJECTED TO END-ONE-FLANGE LOADING
By J.E. Langan!, R.A. LaBoube2 , and W.W. Yu3
ABSTRACT: A study of structural behavior was conducted and a design equation was
developed that accounts for the degradation in web crippling capacity caused by web
openings for unreinforced single web cold-formed steel flexural members subjected to the
End-One-Flange (EOF) loading condition. The research [mdings enable the current EOF
design provisions for sections without web openings to be modified by a reduction factor
equation to obtain the web crippling capacity for sections with web openings. The modified
capacity is considered for the web crippling capacity in the absence of bending moment for
the same cross section and load bearing length.
INTRODUCTION
The current AISI ASD Specification (1986) and AISI LRFD Specification (1991) have no
provisions for the possible degradation in strength for the various limit states· of flexural
members caused by the presence of web openings. Since 1990, the University of MissouriRolla has conducted a comprehensive investigation of the behavior of web elements of
flexural members with web openings subjected to forces causing bending, shear, web
crippling, and combinations thereof.

Langan (1994) provides the findings of the web crippling and combined bending and web
crippling portion of the overall UMR investigation. Reported herein is a portion of the
findings by Langan (1994) and addresses only the End-One-Flange (BOF) loading condition
for web crippling. The EOF loading condition is defined in Section C3.4, Web Crippling
Strength, of AISI (1986, and 1991).
The foremost reason for conducting the study addressed herein was the concern that the
presence of a web opening(s) would have a degrading effect on the EOF web crippling
behavior and the combined bending and web crippling behavior of flexural members.
Therefore the effect of a web opening must be defined, and if necessary, recognized in the
AISI Specification provisions. This was accomplished by the development of a reduction
factor equation, which forms the major element of the design recommendations given herein.
A discussion of the benefits and limitations of using industry standard cold-formed steel
members with pre-punched web openings, and the effect of the web openings on the design
process for flexural members, is given by Langan (1994).
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2 Associate Professor of Civil Engineering and Associate Director of the Center for ColdFormed Steel Structures, University of Missouri-Rolla, Rolla, MO
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The reduction factor equation provided herein possesses the flexibility of being used with
design provisions which provide the BOF web crippling capacity of unreinforced single web
sections without web openings, to include any possible future changes to the AISI provisions.
It provides the relationship between the strength of a section with web openings, as compared
to the strength of its solid web counterpart in the absence of bending moment. The term
'solid web counterpart' implies three characteristics: the same cross section, bearing length,
and loading condition.
No computations of the predicted capacity of the solid web sections, (P.Jcomp, are given
herein. Langan (1994) provided the (P.Jcomp and the resulting (P.J...!(p.Jcomp values for the
test specimens, and a statistical analysis of the (P.J.../(P.Jcomp values, to include the
determination of the LRFD resistance factor and the ASD factor of safety. Additionally, a
statistical analysis of the test results based on the value of (P.J""",p modified to account for the
effect of web openings is given by Langan (1994).
GENERAL
Cross Section and Cross-section Properties. In addition to the usual
definition of cross section as a set of geometric dimensions, herein, the term cross section
also implies a defined and constant set of cross-section properties or parameters which
include the material properties and the size and geometry of the web openings. The
definitions of the geometric cross-section parameters are shown in Figure 1.

Figure 1: specimen Cross-section Parameters

The solid web test specimens possess the same set of cross-section parameters as their web
opened counterparts with the exception of the web opening parameters. Although web
opening size is a cross-section parameter, and hence invariant for a specified cross section,
solid web test specimens were fabricated from cross sections with web openings. This was
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accomplished by cutting the two ends of the specimen at locations between two adjacent web
openings.
The web opening parameters of size, shape, and mid-height location are invariant for a given
cross section because all test specimens were fabricated from manufacturer provided
members.
Web opening Aspect Ratio for opening Position. The non-dimensional
parameter Ct (Fig. 2) is a measure of the location of a web opening in relation to the location
of the EOF concentrated web crippling load. Alpha is equal to the longitudinal clear distance
between the EOF load plate and the web opening, x, divided by the height of the flat portion
of the web, h (Fig. 1). Herein, the value of Ct is computed using the minimum x distance of
all web openings, and therefore strictly applies to the uniform size web opening closest to the
EOF concentrated load.
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Figure 2: EOF Specimen Parameters

Percent of Solid Web Strength. The Percent of Solid Web strength, PSW, is the
percent of the strength exhibited by a specimen with a web opening as compared to the
average strengths for the solid web specimens; for the computation of PSW values, the tests
were performed with: i. the same cross section; ii. the same bearing length, N,; and iii. the
same loading condition. Hence, the average strength of all solid web tests for a given cross
section, N value, and loading condition is considered a PSW value of 100 percent. For
situations of significant bending moment, the strength is 110t equal to the web crippling
strength.
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The PSW value of the test specimens with web openings is a measure of the strength
degradation caused by the web opening under conditions i, ii, and iii which are common to
their solid web counterparts. However, in general, PSW values have no consideration for
the degradation in strength simultaneously caused by the interaction of bending. Therefore,
PSW is a function of: the size of the web opening; the location of the web opening, and; the
magnitude of the bending degradation on web crippling capacity. As discussed in the .
Evaluation of Test Results, the EOF tests reported herein had no bending moment
degradation effect on web crippling capacity. Therefore, herein PSW is a function of: the
size of the web opening, and the location of the web opening.
Reduction Factor. In general, a reduction factor equation is a probabilistic model
which includes pertinent parameters which are related to some strength degrading
phenomenon associated with a physical or mechanical alteration to a section. Based upon the
design situation, the reduction factor equation yields a numerical value, or reduction factor,
RF. Specifically, herein the EOF web crippling reduction factor equation provides the
predicted decrease in EOF web crippling strength caused by the presence of a web opening
as compared to the strength of a solid web section, Psolid web, in the absence of bending
moment, for the same cross section, bearing length, and loading condition.
Use of a reduction factor, RF, provides the adjusted capacity, PWebopening , for sections with
web openings. Herein, the reduction factor value is less than or equal to unity, and
therefore, Pweb opening is less than or equal to the capacity of its solid web counterpart. The use
of the reduction factor equation is illustrated by the form:
P web

opening

= RF

X

P solid web

(1)

Both Pweb opening and Psolid web can either represent the allowable or nominal loads as
appropriate. Furthermore, the commonly used term of 'reduction' is a misrepresentation
because the actual percent reduction in capacity is equal to unity less the reduction factor
value.
Web Opening Size Parameters. The size ofa web opening is determined by the
parameters a and b (Fig. 2) which are the maximum web opening dimensions perpendicular
and parallel, respectively, to the longitudinal axis of the section and in the plane of the web.
Herein, based on the horizontal orientation of the test specimens (Fig. 2), a and b are
considered to be the height and length, respectively, of a web opening. Both a and b are
cross-section properties, hence invariant for an industry standard cross section.
For sections with irregularly shaped web openings, the value of a and b are shown in Figure
3. Furthermore, to expand the usefulness of the results of this investigation, which were
strictly based on sections with web openings at mid-height of the web, conservative measures
are recommended for sections with web openings eccentric about mid-height of the web. For
eccentric web openings, the value of a is defined in Figure 4. For a combination of irregular
and eccentric web openings, a combination of the definitions of Figures 3 and 4 may be
used.
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Figure 3: Definitions for Irregularly Shaped Web Openings
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Figure 4: Definition of Parameter a for Eccentric Web
Openings

A non-dimensional measure of the size of a web opening is the ratio of the height of a web
opening, a, divided by the height of the flat portion of the web, h. Therefore, the ratio alh
is a cross-section property. The alh ratio is therefore a non-dimensional aspect ratio related
to the depth of a web opening, and is a parameter of the EOF reduction factor equation given
herein.
For the reduction factor equation, consideration of the length of a web opening, b, is given
as a maximum allowable value for use of the equation, and therefore the parameter b is
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included in the Design Recommendations. A discussion of the effect of b on the web
crippling behavior and the PSW values is given by Langan (1994).
PREVIOUS INVESTIGATIONS
There is limited research on the web crippling behavior of sections with web openings. Yu
and Davis (1973) and Sivakumaran and Zielonka (1989) performed experimental studies on
the web crippling behavior of cold-formed steel flexural members with web openings. A
modified form of the equation from Sivakumaran and Zielonka (1989) was recommended as
an interim design recommendation by LaBoube (1990).

Both of these investigations were concerned strictly with the Interior-One-Flange, IOF,
loading condition with the web opening centered on the longitudinal location of the load
plate. Therefore their results are not directly applicable to the EOF loading condition.
However, as given by Langan (1994), several significant conclusions were drawn from the
precedence established by Yu and Davis (1973) and Sivakumaran and Zielonka (1989) during
their development of web crippling reduction factor equations.
SCOPE OF INVESTIGATION
The elements of the scope of the investigation can be grouped into the following four areas
given below. The characteristics of each test specimen enable categorizing into one of the
four areas. The scope of the investigation is a major factor in providing the ranges of
applicability for the reduction factor equation as given in Design Recommendations.

Loading condition. The loading condition used for the tests reported herein was
strictly EOF.
Cross-section Types. All cross sections tested were C-shaped sections with edgestiffened flanges.
Cross-section Properties. The cross section properties and their ranges are given
by Langan (1994). The web openings were located at mid-height of the web, as usually
exists in industry practice. All web openings were rectangular with fillet corners.
Range of O! Values. The value of O! (Fig. 2) varied from zero to 1.5 for the
unreinforced EOF test specimens.
EXPERIMENTAL INVESTIGATION
Test specimens. The test specimens were fabricated from industry standard C-sections
with edge-stiffened flanges. Therefore, the flanges are classified as partially-stiffened in
accordance with the AISI Specifications (1986, and 1991). The web openings were
rectangular with fillet corners and were located at mid-height of the web. See Figures 1 and
2 for the cross-section and longitudinal geometry of the test specimens, respectively. Figure
5 shows a typical test specimen. Thirteen sections were tested with cross-section properties
given by Langan (1994). Two sizes of web openings were used in this test program, 0.75 x
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(a) Side View

(b) Top View
Figure 5: Typical Unreinforced EOF Specimen
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2 inch (1.91 x 5.08 cm) and 1.50 x 4 inch (3.81 x 10.16 cm), and are designated by
dimensions a and b as shown on Figure 2.
The test specimens were fabricated to ensure that the web opening in each test specimen was
at the desired distance x (Fig. 2) from the EOF load bearing plate. The value of x was the
major parameter varied within each common cross section. The value of x was converted to
a non-dimensional parameter a. Tests were conducted for a values in increments of 0, 0.5,
0.7, 1.0, and 1.5.
The length of the EOF bearing reaction plate, N, (Fig. 2) affected the test specimen
configuration. In conjunction with the value of x, the value of N determined the longitudinal
distance between the end of the section and the web opening. The end of the test specimen
was cut at a distance from the web opening equal to the sum of N and x (Fig. 2). Tests
were performed at N values of 1.0,3.0,4.0,5.0, and 6.0 inches (2.54, 7.62, 10.16, 12.70,
and 15.24 cm, respectively).
The AISI Specification web crippling provisions state that for the loading situation to be
considered as an one-flange condition, the clear distance between oppositely directed load
plates must be greater than 1.Sh. As can be seen by Figure 2, the length of each test
specimen is dependent upon the clear distance between the EOF load plates and the mid-span
load plate. The L value of the test specimens often exceeded the L value necessary to satisfy
the one-flange loading condition requirement. This is because of the imposition of the
additional requirement that the value of x' (Fig. 2) be greater than or equal to zero. This
requirement was imposed in order to prevent reinforcement of the web opening by the load
point stiffener (Fig. 2). Therefore, this requirement ensured that the entire length of the web.
opening, b, (Fig. 2) was located in the clear distance between the EOF reaction bearing plate
and the mid-span load application plate.
As reported by Langan (1994), diagnostic tests confirmed that the parameter x' (Fig. 2) had
no effect of web crippling behavior.

Test setup. To stabilize the specimens against lateral-torsional buckling, each test
specimen consisted of two C-shaped sections inter-connected by 3/4 x3/4 x 1/8 inch (1.91 x
1.91 x 0.32 cm) angles using self-ddlling screws. To prevent web crippling beneath the load
point, a stiffener was attached vertically on the webs of both sections.
Using a Tinius-Olson testing machine, a concentrated load was applied at mid-span to a three
inch (7.62 cm) bearing plate in contact with the top flanges of the test specimen. The
reactions creating the EOF loading were introduced tothe specimen by bearing plates flush
with the ends of the specimen (Figs. 2 and 5). This provides the least EOF web crippling
capacity, and ignores the additional capacity that will be realized as the distance between the
end of the section and the outside edge of bearing increases from zero. This distance could
reach a maximum value of 1.Sh while maintaining the EOF loading condition. Rollers were
placed at the centerline of the bearing reactions to achieve a simple support condition for the
specimen (Figs. 2 and Sa).
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Test Procedure. The load was applied to the test specimens in a quasi-static manner
until the specimen failed. Failure was defined when the specimen could carry no additional
load. For many tests, the load was maintained for a duration after failure as the testing
machine continued to cause the specimen to deflect. None of the specimens exhibited a
subsequent increase in stiffness due to any post-buckling strength or strain hardening. Two
identical tests were conducted for most of the test specimens.

As reported by Langan (1994), as part of the evaluation of the test procedure, the rate of
application of the load was evaluated to ensure that the web crippling behavior, using a
constantly and gradually increasing quasi-static load application procedure, corresponded with
that used in the investigation by Hetrakul and Yu (1978).
TEST RESULTS
General. One-hundred-fifty-seven unreinforced EOF tests were conducted. Of these, 108
failed in web crippling, 34 failed in shear, four failed by flexure at mid-span in the
compression flange, and 11 were conducted to perform diagnostic tests to ensure validity of
the testing procedure. Langan (1994) provides the value of L, N, 01, (PJ ..." PSW, and the
value of the reduction factor for all tests specimens which exhibited a web crippling failure.

The specimens with web openings were not symmetric about the mid-span load due to the
presence of a web opening in one half of the specimen. However, from a first order static
analysis of the determinate simply supported test specimens, it is assumed that the value of
(PJ,o.' is equal to 1/4 of the mid-span applied load, i.e. each section of the dual-section test
specimens equally shared one-half of the load applied to the mid-span load plate, and the
load on each of the two sections was equally shared by both ends of the sections. Therefore,
each of the test specimen's four contact points with the EOF loading plates is assumed to
equally support the applied loading. Furthermore, because of the quasi-static nature of the
loading, none of the applied load is assumed to be resisted by inertial forces.
Typical Web crippling Failures. Typical web crippling failures of the
unreinforced EOF test specimens are shown in Figures 5 and 6. For Figure 6, one of the
two C-shaped sections comprising the specimen is shown after testing with the mid-span load
point stiffener removed, and shows a typical EOF web crippling failure for a specimen with
a web opening at an 01 value (Fig. 2) of zero.
Web Crippling Deformation at Failure. At failure, most specimens were
severely deformed and would be considered unserviceable under normal design applications-.
This is an important consideration in the selection of the ASD Specification factor of safety
and the LRFD Specification resistance factor. These specifications do not place a
serviceability limit on web crippling.

The web crippling deformation for tests with low 01 values extended from the region of the
web near the load plate to the comer of the web opening closest to the load plate (Fig. 6).
As 01 increased, the visually noticeable deformation eventually ceased to reach the web
opening.
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Figure 6: Typical Unrein forced Web Crippling
Failure, EOF-SU-2-2-2

The web crippling deformation at the allowable web crippling load was negligible.
Evaluation of the deformation at the allowable web crippling load was accomplished by
visual observation of the second test specimen from pairs of two identical specimens. The
allowable load was computed from the failure load of the first test of a pair of identical
specimens by dividing the failure load of the first specimen by the ASD factor of safety of
1.85. As the second of two identical specimens was loaded, the test specimen was observed
as the load reached the allowable capacity .
EVALUATION OF TEST RESULTS
The PSW values were computed using the procedure stated in General . Because of the
simply supported configuration of the test specimens, the web crippling failures occurred in
the absence of significant bending degradation of the web crippling strength. Therefore,
EOF web crippling capacity could be considered directly without consideration of the
combined behavior of bending and web crippling. Langan (1994) provides an in-depth
discussion of the effect of the cross-section parameters on the PSW values, and their
inclusion in or exclusion from the reduction factor equation .
DESIGN RECOMMENDATIONS
Reduction Factor Equation. The procedure for the development of the reduction
factor equation was provided in General. Seventy-eight tests on sections with web openings
conducted at N equal to one inch (2.54 cm) failed in web crippling (Langan, 1994). A
bivariate linear regression was performed on the 78 test results with a and a/h as the

191

independent variables and PSW as the dependant variable. The resulting equation, with a
maximum limit of 100 percent was found to be:
RF = 107 .91-(62.95~) +(12.06/X) ~100%

(2)

RF = 1.08-(0.6301) +(O.120/X) ~1.00

(3)

or,

Equation 3 is represented graphically by the least y-squares plane, «1), Fig. 9) for the 78
data points. The horizontal plane «2), Fig. 9) corresponds to a PSW value of 100 percent.
A PSW value of 100 percent signifies that no strength reduction is required. The reduction
factor equation yields, at 100 PSW:
/X~5.25(a/h)-0.67~0

(4)

Equation 4 is shown as (3) in Figure 9. This implies that, for any positive value of ex, no
strength reduction is required for any cross section with an alh value less than 0.13. The
total joint region of ex and alh which requires no strength reduction is shown as (2) of Figure

9.
Annlication and Limitations of the Reduction Factor Equation. The

ASD Specification (1986) allowable web crippling capacity and the LRFD Specification
(1991) nominal web crippling capacity for sections with web openings can be obtained by
applying Equation 3 to the current AISI Specification web crippling provisions for single web
sections subjected to the EOF loading condition as indicated by using Equation 1.
Use of the reduction factor equation provides the web crippling strength of the section with
web openings in the absence of bending moment. To consider the interaction of bending and
EOF web crippling of single web unreinforced members, the provisions of Section C3.5
(AISI, 1986, and AISI, 1991) must be used, with the web crippling capacity and bending
capacity (Shan, 1994) reduced to account for the strength reduction caused by the web
openings.
Langan (1994) provides the ranges of applicability of Equation 3. Most notably, Equation 3
may be used for any section subjected to the EOF loading condition when:
i. The section is single web, (AISI, 1986, and AISI 1989),
ii. The section meets the requirements for application of the current AISI
Specification provisions for material and the provisions for web crippling, i.e. the limits on
hit, R/t, Nit, and Nih ratios stated of 200, 6.0, 210, and 3.5, respectively must be met.
Theta, 8, equalled 90" for all tests. However, it is assumed that all 8 values within the
allowable limits of the Specification provisions of 45° to 90° are valid for use of Equation 3.
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P5W

a/ h

(1) PSW = 1.08 - 0.630(alh) + 0.120a
(2) PSW = 1.00
(3) a = 5.25(alh) - 0.67
Figure 9: EOF, PSW vs. a and alh

ii.
iii.
iv.
v.

alh ~ 0.50
N ~ 1 inch (2.54 cm), (Fig. 2)
b ~ 4.5 inch (11.43 cm), (Fig. 2)
a ~ zero, (Fig. 2)

CONCLUSIONS
A total of 157 specimens were tested for the EOF loading condition. Analysis of EOF test
data provided a reduction factor equation (Eq. 3) that can be applied to AISI Equation C3.4-J
and AISI Equation C3.4-2. The reduction factor equation applies to single web unreinforced
sections when the web opening in not located above or below the EOF concentrated load
plate. Additionally, bending and web crippling interaction must be checked using AISI
Equation C3.5-J using the web opening reduced web crippling and bending (Shan, 1994)
capacities in the absence of each other. Use of the reduction factor equation can readily be
implemented in practice to ensure that the design for the limit states of web crippling and
combined bending and web crippling can be accomplished with adequate strength, stability,
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and serviceability. The reduction factor equation is a function of the a and alh values of the
design situation. A joint region of a and alh was identified that requires no strength
reduction .. The reduction factor is valid for all sections that satisfy the ranges of applicability
stated herein as Design Recommendations. Other failure modes, i.e. shear, flexure, and
combinations thereof, must be checked separately.
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APPENDIX -- NOTATION

a
b
h
L
(P.)comp
(P.)oost
Psolid web

height of a web opening;
length of a web opening;
height of the flat portion of the web, (Fig. 1);
length of a test specimen, (Fig. 2);
computed web crippling capacity from provision equations in the absence of
bending moment;
tested capacity of a specimen;
web crippling capacity of a solid web section in the absence of bending
moment;
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PSW
Pwei> cpeoing
R
x
x'
ex

e

percent of solid web strength;
web crippling capacity of a section with a web opening in the absence of
bending moment;
inside bend radius of a cross section, (Fig. 1);
web thickness, (Fig. 1);
longitudinal clear distance between a web opening and the concentrated load
under consideration, (Fig. 2);
see Figure 2;
parameter defined as equal to x/h, (Fig. 2);
angle between the plane of the web and the plane of the bearing surface.

